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We determined the structure of the complex of the
sensory histidine kinase (HK) and its cognate
response regulator (RR) in the two-component signal
transduction system of Thermotoga maritima. This
was accomplished by fitting the high-resolution
structures of the isolated HK domains and the RR
onto the electron density map (3.8 A˚ resolution) of
the HK/RR complex crystal. Based on the structural
information, we evaluated the roles of both interdo-
main and intermolecular interactions in the signal
transduction of the cytosolic PAS-linked HK and
RR system, in particular the O2-sensor FixL/FixJ
system. The PAS-sensor domain of HK interacts
with the catalytic domain of the same polypeptide
chain by creating an interdomain b sheet. The inter-
action site between HK and RR, which was
confirmed by NMR, is suitable for the intermolecular
transfer reaction of the phosphoryl group, indicating
that the observed interaction is important for the
phosphatase activity of HK that dephosphorylates
phospho-RR.
INTRODUCTION
The two-component regulatory system (TCS) is a ubiquitous
adaptive module in bacteria, fungi, and plants that allows for
adaptation to environmental change (West and Stock, 2001).
The system is composed of two basic proteins: a histidine kinase
(HK) and a response regulator (RR). In this system, HK acts as
both a signal receptor and as a catalyst of phosphotransfer reac-
tions. In response to environmental stimuli (ligands), HK transfers
a phosphoryl group from ATP to a conserved His residue (auto-
phosphorylation); subsequently, the phosphoryl group is trans-
ferred (phosphotransfer) to a conserved Asp residue in the RR,
which triggers a cellular response. The response is dependent
on the concentration of phosphorylated RR (P-RR), which is
regulated by the phosphorylation of the RR and dephosphoryla-
tion of the P-RR by HK (Russo and Silhavy, 1993). Thus, HK is a
multifunctional enzyme that exhibits both autokinase and phos-Structure 17, 1333–phatase activities, and also acts as a substrate of the phospho-
transferase activity of the RR.
The large majority of HKs, termed class I, are homodimeric
proteins composed of a sensor domain and a histidine kinase
domain. The histidine kinase domain is further divided into two
subdomains: the dimerization and catalytic domains. The dimer-
ization (DHp) domain contains the phosphoacceptor His residue
in an H-box. The catalytic (CA) domain contains an ATP-binding
motif composed of N, G1, F, and G2-boxes, which are
conserved in the histidine kinase domain of all TCSs.
The structures of TCSs have been studied extensively, and
many atomic structures have been reported for the isolated
domains of HKs and RRs (Yamada and Shiro, 2008). Structures
of the sensor domains are variable, because HKs must detect a
wide variety of environmental stimuli (ligands). However, be-
cause the structure of the histidine kinase domain is thought to
be conserved in all HKs, the mechanism of the phosphotransfer
reaction catalyzed by HK might also be conserved. Recently,
Marina et al. reported the first complete structure of the histidine
kinase (i.e., DHp+CA) domain of HK-TM0853 from the thermo-
philic bacterium Thermotoga maritima (Marina et al., 2005). In
the HK-TM0853 structure, a symmetric dimer forms via interac-
tion between DHp domains, but the CA domain monomers are
nonadjacent. Consequently, the ATP-binding site in the CA
domain of one subunit is located far away (>20 A˚) from the phos-
phoacceptor His residue in the DHp domain of the other subunit.
Therefore, a model of trans-autophosphorylation of HK has been
proposed, in which the CA domain moves to access the target
His located in the DHp domain.
To fully understand the signal-transduction function of TCS,
we have to know how the signal (ligands) that is sensed by the
HK sensor domain is transferred to the CA domain, thereby acti-
vating its autokinase activity. Also, we must know how the phos-
phoryl group is transferred from the His residue located in the HK
DHp domain to the Asp of the RR. To examine these issues from
a structural perspective, the structures of full-length HK as well
as the HK/RR complex must be determined using structural
biology techniques. Recently, we reported the low-resolution
map of another HK/RR complex of T. maritima, the ThkA/TrrA
system, by using a combination of small-angle X-ray scattering
and X-ray crystallography techniques (Yamada et al., 2006).
Full-length ThkA is HK composed of a coiled-coil, GAF (cGMP-
adenyl cyclase-FhlA), PAS (Per-Arnt-Sim), DHp, and CA
domains. However, we used truncated ThkA, from which the1344, October 14, 2009 ª2009 Elsevier Ltd All rights reserved 1333
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Histidine Kinase and Response Regulator Complexcoiled-coil and GAF domains had been removed. This is the first
report of an HK/RR complex in a TCS, providing structural infor-
mation on the relative configuration of the ThkA and TrrA
domains. However, because the structure was determined at
low resolution (4.2 A˚), little information was obtained regarding
either the interdomain or intermolecular interactions in the HK/
RR complex.
In the present study, we determined crystal structures of the
isolated PAS and CA domains of ThkA, and TrrA at high resolu-
tion (1.5–1.7 A˚). We then fitted these structures onto the electron
density maps obtained by multiwavelength anomalous disper-
sion (MAD) phasing froma single crystal of the complex at a reso-
lution of 3.8 A˚ to construct a model of the ThkA/TrrA complex.
The constructed model is the first to provide structural informa-
tion about both HK, including the PAS, DHp, and CA domains,
and the complex between HK and a cognate RR, and it shows
both interdomain and intermolecular interaction. The results of
Figure 1. Structural Comparison of the PAS Domain of ThkA and the
PAS-Sensor Domain of FixL
(A) Structure of the PAS domain of ThkA.
(B) In the FixL PAS domain, the structures of the oxy (red) and deoxy (gray)
forms are superimposed. The heme in FixL is shown as a stick model.1334 Structure 17, 1333–1344, October 14, 2009 ª2009 Elsevier Ltdthe present study will help identify the molecular mechanisms
of the phosphotransfer reactions in TCS.
RESULTS AND DISCUSSION
Structures of Isolated Domains of ThkA and TrrA
ThkA PAS Domain
The crystal structure of the ThkA PAS domain (residues 424–518)
was determined using SeMet derivative and refined at 1.5 A˚
resolution, as illustrated in Figure 1A. The phasing and refine-
ment statistics are summarized in Table S1 (available online)
and Table 1. The domain has a left-handed glove-like fold, in
which three a helices (a3, a4, and a5) are covered with a b sheet
composed of five strands (b2-b1-b5-b4-b3). A hydrophobic inner
cavity is located between the a5 helix and the b sheet. The
entrance of the hydrophobic cavity is capped with an a2 helix,
and an aromatic stack consisting of Trp439, Phe447, Phe465,
Phe489, and Phe494.
The structural characteristics of the ThkA PAS domain are
essentially the same as those reported for other PAS proteins,
such as FixL (Gong et al., 1998), EcDOS (Kurokawa et al., 2004),
PYP (Genick et al., 1998), HERG (Morais Cabral et al., 1998),
HIF2a (Erbel et al., 2003), and Vivid (Zoltowski et al., 2007; Wag-
ner et al., 2005). The PAS domain structure of ThkA is compared
with that of the rhizobial O2 sensor protein FixL in Figure 1. The
PAS domain of FixL acts as the sensing domain. The heme of
FixL is embedded in the inner cavity of the PAS fold (Figure 1B)
as the O2 binding site, and association/dissociation of O2 to/
from theheme iron is the first event in signal transduction (Tucker-
man et al., 2002). Comparison of the O2-bound (oxy) and
O2-unbound (deoxy) structures of the FixL sensor domain
suggests that conformational changes in both the G sheet and
the FG loop are induced upon O2 association/dissociation
(Gong et al., 2000; Hao et al., 2002), as shown in Figure 1B. These
structural responses are believed to be the signal that is delivered
to the CA domain, thereby regulating its autokinase activity.
In the case of the ThkA/TrrA system, it is unclear whether the
PAS domain acts as a sensing domain. Moreover, there is very
little information on its physiological role or ligands. However,
the PAS domains of FixL and ThkA are structurally similar, as
illustrated in Figure 1. In particular, the observation that the G
sheet and FG loop of the FixL sensor domain correspond to
the b3-strand of the ThkA PAS domain is relevant to PAS-CA
interdomain signal transduction, which will be investigated in
the final section.
ThkA Catalytic (CA) Domain
The phase of the isolated CA domain of ThkA crystal (residues
605–755) was determined by MAD using Hg derivative (Table
S2) and the structures were determined in the presence or
absence of ADP-Mg2+ (Tables 1 and S3). The overall structure
exhibits an a/b sandwich fold, composed of three a helices
covered with the b sheet (Figure 2). Four conserved motifs of
HK, i.e., N, G1, F, and G2 boxes, are present in the ATP-binding
cavity of the ThkA CA domain. These structural characteristics
also have been observed in the HK CA domains that have
been described so far: the E. coli Mg2+ sensor, PhoQ (Marina
et al., 2001); E. coli osmotic sensor, EnvZ (Tanaka et al., 1998);
E. coli nitrate sensor, NtrB (Song et al., 2004); T. maritimaAll rights reserved
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Histidine Kinase and Response Regulator ComplexTable 1. Data Collection and Refinement Statistics
PAS of ThkA CA of ThkA (ADP+Mg2+) TrrA ThkA/TrrA Complex
Data Collection BL44B2 BL44B2 BL45XU NW12
Space group P41212 P3221 P41212 I4122
Cell dimensions (A˚) a = b = 43.8, a = b = 72.9, a = b = 33.0, c = 197.0 a = b = 110.6,
c = 115.4 c = 91.3 c = 352.5
Wavelength (A˚) 1.0 1.0 1.0 1.0055
Resolution (A˚) 30.0-1.47 (1.52-1.47) 50-1.91 (1.98-1.91) 50.0-1.66 (1.72-1.66) 50.0-3.80 (3.89-3.80)
Rsym (%) 4.7 (33.4) 4.9 (43.2) 4.6 (11.1) 5.4 (36.2)
I/s(I) 41.5 (3.5) 51.6 (6.0) 31.6 (6.9) 22.6 (1.2)
Completeness (%) 98.7 (88.9) 100.0 (100.0) 98.0 (94.0) 94.9 (85.1)
Redundancy 18.2 (6.0) 12.1 (11.8) 4.1 (3.0) 7.4 (3.6)
Refinement
Resolution (A˚) 20.0-1.47 20-1.91 20.0-1.66 20.0-3.8
Number of reflections 18,713 21,119 12,940 10,381
Rwork/Rfree 21.0/23.4 18.5/21.3 18.9/24.0 35.0 / 37.1
Number of atoms
Protein 823 1308 966 3709
Water 50 108 93 0
Other entities 69 28 44 1
Average B-factors
Protein 25.2 25.7 14.3 164.7
Water 36.1 36.1 24.5 —
Other entities 47.4 17.2 38.9 163.0
Root-mean-square deviation
Bond lengths (A˚) 0.012 0.009 0.015 0.009
Bond angles () 1.522 1.930 1.591 1.203
PDB ID 3A0S 3A0T 3A0U 3A0R
Values in parentheses are for the highest-resolution shells.CheA (Bilwes et al., 2001); andMycobacterium tuberculosis PrrB
(Nowak et al., 2006).
The long loop region (704–717) that connects a10 and a11 is
called the ‘‘ATP-lid.’’ It covers the ATP-binding site of the HK
CA domain. We obtained several nucleotide-free structures
(Table S3), in which the ATP-lid exhibits a variety of conforma-
tions, although the core structure is never altered, as shown in
Figures 2B–2E. These results suggest that the ATP-lid is quite
flexible to accommodate nucleotides.
In the nucleotide-free structures, polar residues of the ATP-lid,
such as Thr708, Thr709, Lys710, Thr711, and Gln712, are
exposed to the solvent region. The conformation of some of
these residues changes upon ADP binding. For example, in the
ADP-bound form (Figure 2A), the Lys710 side chain enters the
nucleotide-binding pocket, facilitating an electrostatic interac-
tion between the carboxylate of Glu664 and b-phosphate.
Phe707 also moves from the solvent region into the binding
pocket (data not shown). The bound ADP can be stabilized
through the hydrogen bond between the ribose-OH and the
Thr709 of the ATP-lid. Magnesium ion (Mg2+) also contributes
to the stabilization of bound ADP, by mediating the interaction
of the a- and b-phosphates of ADP, Asn661, and two water
molecules. Divalent cations, such as Mg2+ and Mn2+, are
required for the phosphorylation of HK by ATP.Structure 17, 1333–TrrA
The high-resolution (1.6 A˚) structure of TrrA was determined in
the beryllofluoride (BeF3) and Mg
2+-bound form (Table 1) using
SeMet derivative (Table S4). The overall structure (Figure 3), a
central b sheet surrounded by five helices, is similar to phos-
phoacceptor domains that have been reported for other RRs.
The BeF3 attached to Asp52, which is a phosphoryl acceptor.
The structure of the active site is similar to that of other BeF3-
bound RRs, which approximates phosphorylated RRs in terms
of both structure and function (Lee et al., 2001; Yan et al., 1999).
Construction of ThkA/TrrA Complex
In 2006, we reported the electron density of the ThkA/TrrA
complex resolved at 4.2 A˚. Despite the low resolution, we were
able to identify the HK domains and TrrA in the complex.
However, we could not discuss interdomain and intermolecular
interactions of the HK/RR system in such low-resolution data.
To address this issue, we have been intensively studying the
structure of the ThkA/TrrA complex. The map of the ThkA/TrrA
complex shown in Figures 4A and 4B, which was calculated
using 3.8 A˚ resolution data, is improved, compared with the
4.2 A˚ map previously reported. One ThkA (residues 408–755)
molecule and one TrrA molecule are present in an asymmetric
unit in the I4122 crystal, and the complex in the 2:2 dimer is1344, October 14, 2009 ª2009 Elsevier Ltd All rights reserved 1335
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Histidine Kinase and Response Regulator ComplexFigure 2. Crystal Structure of Catalytic (CA) Domain of the Histidine Kinase ThkA
(A) Overall structure of the isolated CA domain in the ADP-Mg2+ bound form. The ATP-lids are shown in magenta, and Asn661, Glu664, Thr709, and Lys710 side
chains and ADP are represented as stick models. An Fo  Fc map (4.0 s) without ADP and Mg2+ is shown as a blue grid. Water and magnesium ions are repre-
sented as red and green spheres, respectively.
(B–E) The variable structures of the ATP lid in nucleotide-free forms.generated by the crystallographic two-fold symmetry. The
current map clearly shows the boundary of domains, as tube-
like densities for the a helices and layered densities for the
b sheet.
We fitted the structures of the isolated PAS and CA domains of
ThkA and TrrA, which were characterized in this study, into the
electron density map of the ThkA/TrrA complex obtained by
Figure 3. Crystal Structure of the Response Regulator TrrA
Asp52 and BeF3 are shown as stick models. Magnesium ions are represented
as green spheres. The blue grid is the portion of the 2Fo Fc map contoured at
1.5 s.1336 Structure 17, 1333–1344, October 14, 2009 ª2009 Elsevier LtdMAD phasing (MAD data statistics are shown in Table S5). The
model of the DHp domain (residues 520–602) was built using
the DHp domain of HK-TM0853 (Protein Data Bank [PDB] code
2C2A) as a starting model for manual fitting, because expression
of the isolated DHp domain of ThkA resulted in aggregation and
the domain cannot to be crystallized. The atomic model of the
ThkA/TrrA complex was refined, and the resultant structure is
illustrated in Figures 4C and 4D. The fitting qualities were deter-
mined for the following regions of the complex: the inner cavity of
the PAS domain (Figure 4E), the four helices in the DHp domain
(Figure 4F), the ATP-binding cavity in the CA domain (Figure 4G),
and the helices surrounding the central b sheet in TrrA (Fig-
ure 4H). The location of the PAS domain (residues 415–519) is
confirmed by the anomalous Fourier map of another crystal,
which contains the SeMet-labeled triple mutant (F486M/
F489M/H547M) of ThkA (Figures 4A, 4B, and Figure S1 and
Table S5, available online). This anomalous Fourier map was
also used for building the atomic model of the DHp domain
(520–602) and for fitting the CA domain (residues 605–755).
Furthermore, the Hg-binding site (Cys721) of the CA domain in
the present model of the ThkA/TrrA complex is consistent with
that of the isolated CA domain (nucleotide free form-2 in Table
S3), which confirms the location of the CA domain. The SeMet
positions of TrrA (SeMet1, SeMet55, SeMet89) are consistent
with the peak positions of the anomalous Fourier map calculated
from the MAD data of the complex crystal containing SeMet-
labeled TrrA (Figure S1). Furthermore, we calculated the omit
maps for each domain (Figure S1). They clearly show the
cylinder-shaped density for the helices that are completely
consistent with the atomic model, experimental MAD map, and
final 2Fo-Fc map of the ThkA/TrrA complex.
Among the four structural parts (PAS, DHp, CA, TrrA) in the
ThkA/TrrA complex, TrrA shows a very weak electron density.
Although four helices of TrrA (except for a4) have well-orderedAll rights reserved
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Histidine Kinase and Response Regulator ComplexFigure 4. Construction of the Structure of the ThkA/TrrA Complex
(A) Electron density (final 2Fo  Fc map) of the 2:2 complex at 3.8 A˚ resolution. Red spheres are the anomalous differences Fourier maps (3.5 s) of either Hg or
Se atoms obtained from the crystal of Hg-SeMet-ThkA (F486M,F489M,H546M)/SeMet-TrrA(D52M,L89M) (see Table S5).
(B) The map (A) is viewed along a two-fold axis and the map is represented as a grid.
(C) The overall ThkA/TrrA complex in the 2:2 dimer. The view is the same as in (A).
(D) The structure viewed along a two-fold axis.
(E–H) Qualities of the fitting into the map (2Fo  Fc map contoured at 1 s) for the PAS domain of ThkA (E), DHp of ThkA (F), CA of ThkA (G), and TrrA (H).density, several loops (b1-a1, b2-a2, a2-b3, a3-b4) are com-
pletely disordered, and other loops (a1-b2, b3-a3, b4-a4) are
partly disordered. The a4 and strands (b1, b2, b3) in the central
b sheet of TrrA also show ambiguous density. In addition to
TrrA, the density for the loop a6-a7 of the DHp domain is not
well-defined. The structure of these regions is not accurately
modeled. The ATP-lid region of the CA domain could not be built
due to disorder, because it does not have stable conformation in
the absence of the nucleotide. In addition to the X-ray data from
the crystal with anisotropic diffraction, these disordered regions
are seen as a major cause of poor model statistics, with Rwork =
35.0% and Rfree = 37.1%. The data and refinement statistics are
shown in Table 1 (see Experimental Procedure).
The root-mean-square deviations of the Ca atoms between
the isolated and complex structures for the PAS domain, the
CA domain, and TrrA were estimated to be 0.9 (for 92 Ca atoms),
0.8 (for 125 Ca atoms), and 1.3 A˚ (for 115 Ca atoms), respec-
tively, indicating no large effect on the overall fold of eachStructure 17, 1333–domain. No major crashes were observed in the ThkA/TrrA
complex, except for the ATP-lid of the CA domain. Although
the map quality was insufficient to show the density of the side
chains of the amino acids for the whole molecules, we are able
to discuss the interdomain and intermolecular interaction in the
helix and sheet level on the basis of the structure of the ThkA/
TrrA complex thus obtained.
Structure of the ThkA/TrrA Complex
Dimer Structure of ThkA in the Complex
In the complex thus constructed, ThkA forms a homodimer that
is mediated by the DHp domain of each subunit (Figures 4C and
4D); however, no other interactions related to homodimerization
were observed. The resultant four-helix bundle forms a left-
handed twist; in particular, the a6 helix of the DHp domain bends
toward the PAS domain (Figure 5A). The PAS domain, which is
attached to the N-terminal side of the a6 helix, apparently inter-
acts with the CA domain of ThkA in the complex. The interaction1344, October 14, 2009 ª2009 Elsevier Ltd All rights reserved 1337
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Histidine Kinase and Response Regulator Complexseems to be a primary reason for the bent structure of the a6
helix. As shown in Figure 5D, an interdomain, antiparallel b sheet
was identified between b3 in the PAS domain and b6 in the CA
domain of the ThkA subunit. The sheet forms via four main-chain
hydrogen bonds: Phe483N-Phe606O, Phe483O-Phe606N,
Asn485N-Leu604O, and Asn485O-Leu604N. Consequently, an
interaction between two PAS domains is absent in the complex
(Figures 4C and 4D). These structural characteristics are in sharp
contrast with those reported for isolated PAS domains, all of
which are either in dimers or tetramers (Kurokawa et al., 2004;
Miyatake et al., 2000).
The structure determined for the TCS in the present study
can be compared with the (DHp+CA) structure of another TCS,
HK-TM0853 (Figure 5B), as reported by Hendrickson and co-
workers (Marina et al., 2005). The difference between structures
is the position of the CA domain relative to the DHp domain; i.e.,
the CA domain rotates approximately 60 around the domain-
domain connecting linker, and the ATP-lid of Figure 5B is located
far away from the DHp a7 helix. The ThkA monomer structure is
compactly folded in the ThkA/TrrA complex (Figure 5A). The
structural difference might be caused by the interdomain b sheet
interaction detected in this study, and/or by the presence of TrrA
(vide infra). The interdomain b sheet interaction might contribute
to orientation of the CA and PAS domains, relative to the DHp
domain.
Interaction of TrrA with ThkA in the Complex
In the ThkA/TrrA complex, the phosphoacceptor Asp residue in
the RR (Asp52 in TrrA) faces the phosphodonor His in the HK
Figure 5. Structural Comparison of ThkA and Other HKs
(A) Structure of ThkA. The color scheme used for the ThkA domains is
same as in Figure 4C. ATP lid is shown in magenta. The phosphory-
lated His residues in the dimerization domain are represented by
a stick model.
(B) Structure of the monomer of TM0853 (PDB code 2C2A).
(C) Structure of P3 (yellow) and P4 (green) domain of CheA (PDB code
1B3Q).
(D) Close-up view of the interdomain b sheet between the PAS and CA
domains in the ThkA/TrrA complex. Main-chain atoms related to sheet
formation are represented as stick models. Hydrogen bonds are
depicted as dotted lines.
DHpdomain (His547 in ThkA), as is illustrated in Figure 6A,
reflecting the phosphotransferase activity of the HK/RR
system. The orientation of TrrA, relative to ThkA, can be
attributed to three specific interactions. The first interac-
tion (interaction I) is between the a1 and the b5-a5 loop
region of TrrA and the a6 in the DHp domain, which
includes the phosphoacceptor His residue (His547 in
ThkA). The second interaction (interaction II) is between
the b4-a4 loop of TrrA and the a7 of the DHp domain.
Comparison with the structure of isolated TrrA reveals
that the b4-a4 loop exhibits a large conformational
change, whereas the b3-a3 loop containing the Asp52
phosphorylation site shows a small difference (Figure 6).
Interactions I and II create an environment that facilitates
phosphoryl transfer between ThkA and TrrA. The relative
orientation of helices in the DHp domain and TrrA is very
similar to that observed in the crystal structure of the
Spo0B/Spo0F complex from Bacillus subtilis (Figure S2), in
which Spo0B and Spo0F are the phosphotransferase (not HK)
and response regulator, respectively (Varughese et al., 2006).
In both cases, these interactions are primarily responsible for
the specific HK/RR binding. The third interaction (interaction III)
is between TrrA and the ThkA PAS domain, that is, the a4 in
TrrA interacts with the b3-b4 loop and the a5 in the PAS domain.
To identify the interaction sites of TrrA in solution, we per-
formed chemical shift perturbation (CSP) experiments using
nuclear magnetic resonance (NMR), in which the chemical shift
changes of TrrA were observed upon addition of ThkA. First,
the sequence-specific resonance assignments of backbone
1HN and
15N were achieved using standard triple-resonance
techniques (Ikura et al., 1990) (Figure 7A). Two-dimensional
1H-15N correlation spectra were measured on 15N- or 2H/15N-
labeled TrrA by titration of three unlabeled regions of ThkA: the
PAS, CA, and (DHp+CA) domains. Neither change in chemical
shift nor line broadening of the 1H-15N correlation signals of
TrrA was observed during titration of both the PAS and the CA
domains. This observation indicates that the isolated PAS and
CA domains of ThkA cannot interact with TrrA. However, the
addition of ThkA (DHp+CA) caused significant chemical shift
changes, disappearing cross-peaks, and emerging cross-peaks
for a number of backbone 15N and 1HN resonances of
2H/15N-
labeled TrrA (Figures 7B and 7C). These results indicate that
the interaction belongs to the slow exchange regime on the
NMR timescale. The chemical shift perturbation was mapped
on the TrrA structure (Figure 6B).1338 Structure 17, 1333–1344, October 14, 2009 ª2009 Elsevier Ltd All rights reserved
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Histidine Kinase and Response Regulator ComplexIn the NMR titration experiments, residues in the a1 helix, b5-
a5 loop, and b3-a3 regions of TrrA showed either large chemical
shift perturbations or disappearance of the cross-peaks upon
ThkA binding. As shown in Figure 6, the former are very consis-
tent with interactions I and II, respectively. Interactions I and II
have already been discussed on the basis of the ThkA/TrrA com-
plex structure (vide supra). These interactions are the primary
determinants of ThkA/TrrA complex formation. However, the
b3-a3 region is present within the TrrA molecule, and, thus, is
not a site of direct interaction with ThkA. Because this region
contains the phosphoacceptor Asp52, conformational changes
would be induced by ThkA binding.
Because the present NMR measurements show that the
conformation of ThkA is unaffected by the addition of the isolated
PAS domain, it is possible that interaction III is weak and exists
only in the ThkA/TrrA complex. However, interaction III should
play a significant role in modulating the sensitivity of the HK/
RR sensing system, because binding of FixJ (RR) to FixL (HK)
can affect the O2 (signal)-binding affinity of the FixL PAS sensor
domain (Nakamura et al., 2004).
In the present study, we also examined dephosphorylation of
phospho-TrrA catalyzed by ThkA (phosphatase activity) in the
presence (ThkA) and absence (DThkA) of the PAS domain. As
shown in Figure 8, the phosphatase activity of ThkA was greatly
diminished upon deletion of the PAS domain, although the auto-
kinase and phosphotransferase activities of this systemwere not
seriously affected upon the removal of the PAS domains, sug-
gesting the importance of the PAS domain in regulation of the
phosphatase activity of the ThkA/TrrA system, possibly through
interaction III. That is, the PAS domain plays a crucial role in
changing the structure of the ThkA/TrrA complex that is respon-
sible for the phosphatase activity.
Structural Comparison with CheA/CheY,
Another Two-Component HK/RR
Hereby, we can compare the structure of the ThkA/TrrA complex
with that of a well-studied TCS system, i.e., CheA/CheY, which
functions as bacterial chemotaxis. CheA is classified into the
class II HK, and is composedof fivedomains: P1 (phosphorylated
histidine containing domain), P2 (response regulator binding
domain), P3 (dimerizationdomain), P4 (CAdomain), andP5 (regu-
Figure 6. Interaction of TrrA with ThkA
Evaluated Using Crystallographic and NMR
Data
(A) Close-up view of the interaction of TrrA with
ThkA.
(B) Residues of TrrA that exhibit significant chem-
ical shift perturbations (blue) and disappearance
of the cross-peaks (orange) upon addition of an
excess amount of the (DHp+CA) domain of ThkA
(see Figure 7C) are mapped onto the crystal struc-
ture of isolated TrrA. The TrrA in (A) and (B) are
shown in the same orientations.
latory domain). Although the structure of
the CheA/CheY complex has not yet
been determined, those of the
(P3+P4+P5) domain of CheA (Bilwes
et al., 1999) and the P2(CheA)/CheY complex (Welch et al.,
1998) are now available.
As with ThkA, CheA also forms the homodimer through the
interaction between the P3 domains of each monomer. The
structure of the resultant four-helix bundle is apparently similar
between these two HKs. However, the orientation of the P4
domain in CheA, relative to the four-helix bundle, is quite
different from that of the CA domain of ThkA. The ATP binding
site in the CA domain of ThkA is closely located at a7 helix in
the DHp domain (Figures 4C and 5A), which is suitable for the
phosphorylation of the His residue in the DHp domain. However,
the P4 domain of CheA has quite a different orientation, and its
ATP binding pocket faces the direction opposite to the dimeriza-
tion P3 domain (Figure 5C). The difference in the relative orienta-
tion between the P4 domain of CheA and the CA domain of ThkA
should be responsible for the difference in the mechanism of the
phosphorylation of the His residue, because in the CheA/CheY
system, unlike the ThkA/TrrA system, the phosphorylated His
is not contained in the P3 domain, but in the P1 domain of CheA.
Both TrrA and CheY are single-domain RRs, and, thus, their
structures bear a good resemblance to one another. However,
their binding manner to HK is quite different, because of the
difference in the TCS classes. The CheY (class II) uses a4-b5-
a5 surface for binding to the P2 domain of CheA, whereas the
corresponding surface of TrrA (class I) is not involved in the
ThkA/TrrA complex formation. As mentioned in the previous
section, the interaction in the ThkA/TrrA systems is mainly
created between the a1, b5-a5 loop and b4-a4 loop of TrrA
and the DHp domain of ThkA, resulting in the structural charac-
teristics such that the phosphorylated residues, Asp52 of TrrA
and His547 of ThkA, face one another. The same binding fashion
is observable in the CheZ/CheY complex (Figure S2), in which
the a1, b5-a5 loop and b4-a4 loop of CheY interacts with a helix
of CheZ, a structural topology that is characterized by a dimer-
ized four-helix bundle (Zhao et al., 2002). CheZ is a phosphatase
for phosphorylated CheY. Indeed, the phosphorylated Asp57
in CheY binds with CheZ catalytic glutamine residue (Gln147)
via Mg2+, in which the distance between Asp57Od1 and
Gln147O31 is estimated to be 4.2 A˚. The equivalent position of
Gln147 in CheZ is occupied by Asn551 in ThkA, which faces
Asp52 of TrrA at a distance of 5.5 A˚ (Figure 6A). Asn551 isStructure 17, 1333–1344, October 14, 2009 ª2009 Elsevier Ltd All rights reserved 1339
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Histidine Kinase and Response Regulator ComplexFigure 7. ThkA-Induced Chemical Shift Perturbation Studies of
2H/15N-Lablled TrrA
(A) The 1H-15N HSQC spectrum of 15N-labeled TrrA with the assignments
indicated.
(B) Superposition of 1H-15N TROSY-HSQC spectra of 2H/15N-labeled TrrA in
either the absence or presence of the unlabeled (DHp+CA) domain of ThkA.
Spectra acquired at TrrA:ThkA(DHp+CA) molar ratios of 0, 0.5 and excess
are shown in black, green and red, respectively.
(C) The graph representing the weighted average of the chemical shift differ-
ences (blue) of the backbone 15N and 1H resonances of 2H/15N-labeled TrrA1340 Structure 17, 1333–1344, October 14, 2009 ª2009 Elsevier Ltda semiconserved residue in the H-box of HK, and the amino acid
residues (Thr, Ser, Asn, and Gln) in this position are identified as
a phosphatase catalyst of class I HK (Dutta et al., 2000).
Implication for Regulation Mechanism
of the Autokinase Activity
In TCS, PAS domains are frequently present in HK, but exhibit
a variety of functions in the signal sensing. Although the role of
the PAS domain in ThkA has not been previously identified, we
hypothesize that it might be responsible for the interaction of
TrrA with the ThkA DHp domain. This hypothesis is plausible
because the PAS domain can mediate protein-protein interac-
tions. In some cases, the PAS domain can also act as an impor-
tant signaling module that detects environmental changes, such
as light, redox potential, O2, and so on. This is the case for the
O2-sensor protein, FixL, as described previously.
FixL is a cytoplasmic HK, in which the PAS sensor domain is
directly attached to the histidine kinase domain. This is compa-
rable to many other HK systems, in which transmembrane and/
or HAMP (histidine kinase, adenyl cyclase, methyl-accepting
chemotaxis proteins and phosphatase) domains are inserted
between the sensor and the HK domains. Therefore, the mech-
anism by which the activity of the CA domain is regulated by
the sensor domain might differ between FixL and other HKs.
However, structural similarities in both the primary and tertiary
structures allow us to propose the use of ThkA as a possible
model of FixL to explore the interdomain signal transduction
mechanism, especially that of the PAS sensor-CA domain.
From this point of view, it is interesting to focus on the obser-
vation that the b3 region of the ThkA PAS domain corresponds to
the G sheet and FG loop region of the O2-sensor PAS domain of
FixL (see Figures 1 and 5D). Conformational changes in FixL
induced by the O2 association/dissociation is the proposed
mechanism by which the O2-sensing signal is delivered to the
CA domain (Gong et al., 2000; Hao et al., 2002). In ThkA, this
region interacts with the CA domain to form the interdomain
b sheet. As a result, the configuration of the CA domain is fixed
in the multidomain protein ThkA.
According to the mechanism proposed by Hendrickson and
co-workers for the phosphorylation (autokinase) reaction
(Marina et al., 2005), the CA domain of HK should move signifi-
cantly toward the phosphoacceptor His in the DHp domain of
its counterpart. However, in our ThkA/TrrA model, the motion
of the CA domain appears to be inhibited, even in the absence
of TrrA, due to the interdomain b sheet with the PAS domain.
This might be an inactive form of the HK autokinase, possibly
corresponding to the O2-bound form of the FixL. If O2 dissocia-
tion weakens the interdomain interaction by inducing a confor-
mational change in the G-sheet, the CA domain would be
permitted to freely move for the autokinase reaction. Indeed,
the G-sheet of deoxy-FixL (autokinase active) is shorter (see
Figure 1B) and more flexible than that in oxy-FixL (inactive), as
evidenced by the X-ray crystallography andNMRmeasurements
upon addition of an excess amount of the (DHp+CA) domain of ThkA. The
signals that disappeared upon addition of an excess amount of the (DHp+CA)
domain of ThkA are shown in orange. The secondary structural elements of
TrrA are illustrated at the bottom. The Asp52 is highlighted in red.All rights reserved
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Histidine Kinase and Response Regulator ComplexFigure 8. Phosphorylation Activities of ThkA/TrrA System
The circles and squares indicate the time course of the reaction using ThkA
(residues 408–755) and DThkA (PAS-deleted ThkA mutant; residues
517–755), respectively.
(A) Phosphatase activity of ThkA. The amounts of inorganic phosphate disso-
ciated from phosphorylated TrrA are plotted against the reaction time. Each
symbol shows the mean value of four experiments. Error bars represent the
standard deviations.
(B) Autophosphorylation activity of ThkA. The amounts of phosphorylated
ThkA measured with radioisotope-labeled ATP are plotted against the
reaction time.Structure 17, 1333–1of the FixL PAS sensor domain (Gong et al., 1998; Hao et al.,
2002; Tanaka et al., 2006).
Previously, we prepared some chimeric proteins in which the
sensor domain of FixL was connected with the HK domain of
ThkA at several positions (Kumita et al., 2003). Unfortunately,
the chimeric sensor proteins could not work as the oxygen
sensor, but their autokinase activities were dramatically depen-
dent on the fusing position. For example, one chimera
(FixL[131-274]+ThkA[537-755]) exhibited a high kinase activity,
while another (FixL[131-284]+ThkA[547-755]) did not. Most
recently, Moffat and co-workers prepared a chimeric protein of
a PAS-type light-oxygen-voltage photosensor domain fused
with the FixL HK domain and a number of variants that differ in
the linker length (Mo¨glich et al., 2009). They showed that inser-
tion of seven residues to the linker between PAS and DHp of
chimeric protein retains the signal dependent activity, and that
the heptad periodicity of a linker length is observed in the wide
range of a natural PAS sensor HK. Seven residues in the linker
region would form the two turns of an a-helical structure as
observed in ThkA. These observations indicate that the relative
orientation of the PAS and HK (DHp+CA) is most critical to the
regulation of kinase activity, and consistent with the present
structure in which the PAS domain binds directly to the CA
domain by the interdomain b sheet to effectively switch the
kinase activity.
EXPERIMENTAL PROCEDURES
Protein Expression, Purification, and Crystallization
Expression and purification of ThkA (residues 408–755: PAS+DHp+CA),
DThkA (residues 517–755: DHp+CA), the PAS domain (residues 424–518),
the CA domain (residues 605–755), TrrA, their mutants, and the SeMet deriv-
atives were performed as described previously (Yamada et al., 2006). The
primers used for polymerase chain reaction are listed in Table S6. Purified
protein solutions (50 mg/ml) were used for crystallization. All protein crystals
were grown in the solutions listed in Table S7, using the sitting-drop method
at 20C. The TrrA solution contained 10 mM MgCl2, 50 mM NaF, and 10 mM
BeCl2. For preparation of the Hg-adduct of the ThkA-CA domain, 10 mM
2-(ethylmercuri-thio)-benzoic acid sodium salt was added to the protein
solution. The ADP-bound form of the ThkA-CA domain was prepared by addi-
tion of 10 mM ADP and 20 mM MgCl2.
For the NMR measurement, 15N- or 13C/15N-labeled TrrA were obtained
by growing bacteria in M9 minimal medium containing 15NH4Cl and
15NH4Cl/
13C6-glucose as the sole nitrogen and carbon source, respectively.
2H/15N-labeled TrrA was obtained by growing E. coli in 80% 2H2O M9 minimal
media containing 15NH4Cl. Purified
15N-, 2H/15N- and 13C/15N-labeled TrrA
were dissolved in NMR buffer (50 mM sodium phosphate [pH 7.0], 2 mM
EDTA, 10% D2O). 0.2 mM
15N- and 0.8 mM 2H/15N-labeled TrrA were used
in the titration experiments. The concentration of the 13C/15N-labeled TrrA
used for assignment of backbone chemical shifts was approximately 1.9 mM.
Data Collection and Structure Determination
of Isolated PAS Domain and CA Domain
X-ray diffraction data were collected at 100 K at SPring-8 or KEK-AR. All
diffraction data were integrated and scaled using the HKL2000 package (Otwi-
nowski and Minor, 1997). The structure of the PAS domain was determined
using the MAD method with the SeMet derivative (Table S1). The MAD phases
(1.7 A˚ resolution) were calculated using SOLVE/RESOLVE (Terwilliger and
Berendzen, 1999). The atomic model was refined using 1.5 A˚ native data using
(C) Phosphotransfer of ThkA to TrrA. The amounts of phosphorylated
TrrA measured by a procedure similar to (B) are plotted against the reac-
tion time.344, October 14, 2009 ª2009 Elsevier Ltd All rights reserved 1341
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Histidine Kinase and Response Regulator ComplexREFMAC 5 (Murshudov et al., 1997) (Table 1). The structure of the nucleotide-
free CA domain was determined using MAD data (1.69 A˚ resolution) of the Hg
derivative (Table S2). The phases were calculated using SHARP (La Fortelle
and Bricogne, 1997). The initial model was built using ARP/wARP (Perrakis
et al., 1999) and refined using REFMAC 5. The ADP-bound form and other
nucleotide-free forms of the CA domain obtained in different crystallization
conditions were determined by molecular replacement (Table S3). Manual
model fitting was performed using O (Jones et al., 1991) and COOT software
(Emsley and Cowtan, 2004). Superposition of the structures was calculated
using SSM (Krissinel and Henrick, 2004) in COOT. All graphical representa-
tions were prepared using PyMOL (http://www.pymol.org).
Structure Determination of TrrA
MAD data (1.6 A˚ resolution) of SeMet-incorporated mutant (L89M) of TrrA in
complex with BeF3-Mg
2+ were collected (Table S4), and the phases were
calculated using SOLVE/RESOLVE (Terwilliger and Berendzen, 1999). The
native structure of TrrA (1.7 A˚ resolution) was determined using the molecular
replacement method and refined using REFMAC 5 (Table 1).
Modeling of the ThkA/TrrA Complex Using 3.8 A˚ Resolution Map
The data collection and refinement statistics of the ThkA/TrrA complex are
summarized in Table 1. The crystal of ThkA/TrrA was obtained as the Hg-
adduct in the absence of nucleotide (Yamada et al., 2006). The SeMet
TrrA(L89M) was used for crystallization of the complex. The initial electron
density map of the ThkA/TrrA complex was calculated with Hg-MAD data
set (Table S5) using SHARP (La Fortelle and Bricogne, 1997) and SOLOMON
(Abrahams and Leslie, 1996). Structures of both the PAS and CA domains and
of TrrA were manually fitted into the electron density map. The orientation of
each domain and the position of His547 in DHp domain were confirmed by
the peaks in the anomalous difference Fourier map calculated from the crystal
of SeMet-ThkA(F486M,F489M,H547M) in complex with SeMet-TrrA(L89M)
(Figures 4A, 4B, and S1). The DHp domain (residues 520–602) was manually
built on the electron density map using the DHp domain of HK-TM0853
(PDB code 2C2A) as the initial model. The a1-helix (residues 415–423) followed
by the sensor domain was also manually built with reference to the structure of
the EcDOS-sensor domain (Kurokawa et al., 2004). The Hg-peak data
collected at 1.0055 A˚ were used for structural refinement of the ThkA/TrrA
complex. The initial rigid body refinement using five rigid bodies (PAS, DHp,
CA domains, and TrrA) with 20-4.5 A˚ data gave Rwork and Rfree values of
49.3% and 50.3%, respectively. The manual model refitting followed by
restrained refinement with TLS parameters using data in the resolution range
of 20-3.8 A˚ decreased Rwork and Rfree to 35.0% and 37.1%, respectively.
The residues 407–415 in the N-terminal, Gln602 between PAS and CA domain,
and 710–715 in the ATP-lid of CA domain are not built in the model.
The intensity of the X-ray diffraction from the crystal is highly anisotropic.
The crystal diffracts at a 3.4 A˚ resolution in one direction, but only at6 A˚ in the
other direction. Further refinement including 3.8-3.4 A˚ data did not improve the
map quality, and it increased Rfree. This anisotropy would be the result of
the fibrous molecular packing in the crystal. The 2:2 dimers stack along the
c axis, although the contact in the other direction is very limited. For this
reason, the densities for several loop regions and the side chains of whole
molecules are missing. The data processed in the space groups of lower
symmetry did not indicate the merohedral twinning.
NMR Experiments
All NMR experiments were performed at 303 K on either a 600 MHz or a
500 MHz DRX spectrometer (Bruker Biospin Corp.) equipped with a cryogenic
probe head. All spectra were processed using NMRPipe (Delaglio et al., 1995)
and analyzed with Sparky (Goddard and Kneller, 1999). The backbone chem-
ical shifts of TrrA were obtained from standard triple-resonance experiments:
3D HNCA, 3D CBCA(CO)NH, and 3D HNCACB (Ikura et al., 1990).
A series of two-dimensional (2D) 1H-15N HSQC spectra (Grzesiek and Bax,
1993) were measured on 15N-labeled TrrA upon addition of unlabeled Thk PAS
domain to monitor gradual changes in either the chemical shift or intensity
of the cross-peaks of TrrA. Initially, the reference spectrum of 0.2 mM
15N-labeled TrrA was recorded in the absence of the ThkA PAS domain. After
the measurement of free TrrA, unlabeled ThkA PAS domain was added step-
wise to a final [15N-TrrA]: [unlabeled ThkA PAS] ratio of 1:1.1342 Structure 17, 1333–1344, October 14, 2009 ª2009 Elsevier LtdA series of 2D 1H-15N TROSY-HSQC spectra (Pervushin et al., 1997) were
measured on 2H/15N-labeled TrrA upon addition of unlabeled CA or (DHp+CA)
domains of ThkA, to monitor gradual changes in either the chemical shift or
intensity of the cross-peaks of TrrA. Initially, a reference spectrum of 0.2 mM
2H/15N-labeled TrrA was recorded in the absence of ThkA CA domain. Then,
either unlabeled ThkA CA domain or ThkA (DHp+CA) was added stepwise
up to a final molar ratio [2H/15N-TrrA: unlabeled ThkA CA domain / (DHp+CA)]
of 1:2 or 1:1, respectively. Furthermore, 2D 1H-15N TROSY-HSQC spectrum
was measured with an increased number of scans (from 16 to 64) on
0.8 mM 2H/15N TrrA upon addition of ThkA (DHp+CA) at a molar ratio
[2H/15N-TrrA: ThkA (DHp+CA)] of 1:1.6. Chemical shift changes were calcu-
lated using the equation [(DN 3 0.17)2 + DHN2]1/2, where DN and DHN are
the chemical shift changes of the backbone nitrogen and amide proton,
respectively.
Assays of Phosphatase and Phosphorylation Activities
The phosphate released as a product of the TrrA-phosphatase reaction of
ThkA was detected using an EnzChek Phosphate Assay Kit (Molecular
Probes). The reaction mixture was composed of 50 mM Tris-Cl (pH 7.5),
50 mM KCl, 1 mM MgCl2, 0.2 mM 2-amino-6-mercapto-7-methyl purine ribo-
side (MESG), 1 U/ml purine nucleoside phosphorylase (PNP), 5 mM ThkA,
10 mM TrrA, and 1 mM ATP. The absorbance at 360 nm was monitored. One
unit of PNP was defined as the amount of the enzyme that caused phospho-
rolysis of 1.0 mmol inosine to hypoxanthine and ribose 1-phosphate per minute
at pH 7.4 at 25C (instruction manual of the kit). The principles of the assay are
as follows: (1) ThkA phosphorylates TrrA with ATP, (2) the phosphorylated TrrA
is dephosphorylated by ThkA, (3) an inorganic phosphate is released into the
reaction mixture, and (4) 2-amino-6-mercapto-7-methyl purine, which has an
absorption maximum at 360 nm, is produced from MESG and phosphate by
PNP activity.
Autokinase activities (Figure 8B) were measured according to the method
previously described (Yamada et al., 2006). The kinase buffer was composed
of 50 mM Tris-Cl (pH 7.8), 50 mM KCl, 0.02 mMMgCl2, and 10 mM DTT. Each
stock solution of ThkA was diluted with the kinase buffer to a final concentra-
tion of 5.56 mM. The autokinase reaction was initiated by addition of 1/9 volume
2 mM [g-32P]-ATP (=0.09 Mbq nmol1) at room temperature, in which the final
concentration of ThkA was 5 mM. After 0.5, 1, 2, and 4 min, the reaction was
terminated in an SDS-PAGE sample buffer composed of 65 mM Tris-Cl (pH
6.8), 3% SDS, 10% glycerol, 1 mM EDTA, and 0.05% bromophenol blue.
ThkA was subjected to SDS-PAGE (12.5% acrylamide), and the radioactivity
of the protein bands was measured using a phosphorimaging plate scanner
(BAS2500, Fuji Film). The assay of the phosphotransfer activity of ThkA to
TrrA was done using a procedure similar to the one described above, except
for the concentration of MgCl2 (0.2 mM) and ThkA (0.5 mM), and for the addition
of 10 mM TrrA.
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The coordinates and structure factors have been deposited in the Protein
Data bank with accession codes 3A0R (ThkA/TrrA complex), 3A0S (PAS),
3A0V (SeMet PAS), 3A0T (CA with ADP and Mg2+), 3A0X (CA free-1), 3A0W
(CA free-2), 3A0Y (CA free-3), 3A0Z (CA free-4), 3A0U (TrrA), and 3A10 (SeMet
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